Abstract
INTRODUCTION
To reduce and prevent disasters and avoid human and economic losses, our knowledge about ground movements, deformations of critical infrastructures, and their triggering factors must be improved to make the disasters as predictable, and thus, preventable as * This work was supported by C-CORE, Canada † A. Hakobyan is with C-CORE possible. One approach to derive deformation measurements and to enhance short-and long-term forecasting methods and techniques is the development of advanced remote sensing methods. In the 1990s, new remote sensing techniques were developed for risk assessment, deformation estimation, and quantification of structural instabilities and ground motions [1] , [2] , [3] , [4] , [8] , [11] , [12] , [13] , [14] . Currently, remote sensing interferometric data processing techniques are among the technologies that are used to examine the spatial and temporal evolution of surface motion and to detect the motions on small and large scales over areas of several square meters to areas as large as hundreds of square kilometers using microwave sensors. A wide variety of microwave sensors are currently installed on spaceborne, airborne and ground-based platforms. The IBIS ground-based radar sensor that is used in this research and owned by C-CORE, was developed by IDS (Ingegneria dei Sistemi SpA). The ground-based radar validation of applications was needed for several reasons:
(1) The ground-based coherent interferometric radar is a fairly new instrument for Canada and for Canada's Atlantic region.
(2) So far, the great majority of ground-based coherent interferometric radar tests and applications have been carried out in atmospheric and environmental conditions that are in sharp contrast with the Canadian Atlantic region, which is characterized by the following conditions:
(a) The heterogeneity of the atmosphere within a very short distance in the line-of-sight of the instrument (b) The high humidity, wind, fog, rain, and drizzle are present almost all year around, with very few dry and sunny days per year. The region is characterized by a humid continental climate that is greatly influenced by the Atlantic Ocean. Some validation tests discussed in this paper include case studies for the synthetic aperture radar (IBIS-L) and real aperture radar (IBIS-S) applications such as displacement monitoring of a power generation station, a gravel pile, and horizontal and vertical structures, such as a pedestrian bridge and chimney.
GROUND BASED RADAR SYSTEM
The ground-based radar system used in this research for data collections has two different configurations: real aperture radar (IBIS-S) and synthetic aperture radar (IBIS-L). The IBIS-S configuration uses two techniques, such as stepped frequency continuous wave (SFCW) and differential interferometry, to detect the target position and the target displacements in the line-of-sight of the instrument. The IBIS-L configuration uses SFCW, differential interferometry, and synthetic aperture radar (SAR) techniques to acquire a twodimensional image and displacement information. The IBIS sensor works in Ku-band (center frequency, 17.2 GHz) according to the formal definition of radar frequency band nomenclature in IEEE Standard 521-2002 [5] . The main operational characteristics of the IBIS-L sensor is provided in Table 1 , and Fig. 1 shows the installed IBIS-L system.
The IBIS-S is composed of three main parts: a sensor module, a personal computer, and two 12 V batteries. The IBIS-L consists of a sensor module, a twometer long linear track to move the sensor for synthetic aperture radar acquisitions, a power supply unit, and a laptop. The real aperture radar IBIS-S system can resolve the imaged scenario only in the line-of-sight direction (range), with a spatial resolution, which depends on the bandwidth of the transmitted signal: where ΔR is the range resolution, and BW is the bandwidth of the signal. The IBIS-L system is able to resolve the imaged scenario in the range and the cross-range directions:
where ΔCR is the cross-range resolution, L is the length of the rail, f o is the center frequency of the transmitted signal, and λ is the wavelength at the center frequency [7] .
SYNTHETIC APERTURE RADAR AP-PLICATIONS

Power Generation Station
The Big Falls Hydro-Electric Generating Plant is located in the province of Nova Scotia. This plant is a part of the Mersey River generating system in the Nova Scotia Power Inc. (NSPI) Western hydro system. The Big Falls power house was observed from the downstream side during several events such as water up/down, and generator on/off. The GB-SAR continuously acquired the data for a 21-day period in January, 2012. The power station was fully operational during the data acquisition period. Fig. 2 shows the view of the station building from the radar position with arrows connecting the same features on the optical and radar power image. The atmospheric conditions varied greatly within the data acquisition time frame. As an example, Fig. 3 shows the correlation between the relative humidity and the displacements of four stable points on the power station. Therefore, the atmospheric removal was applied before the calculations of the final displacements. The map of the cumulative displacement of the building after removing the atmospheric contribution is shown in Fig. 4. 
Gravel Pit
The Gravel Pit is located in St. John's, NL, Canada. The site has several pits consisting mostly of gravel mixed with sand. One of the gravel pits was selected for the experimental setup and data acquisition. The goal of the experiment was twofold: to mimic the behavior of a landslide by inducing a man-made distortion on the pile, and to estimate the accuracy of the GB-SAR in evaluating gravel pit deformations. Data was acquired for two days on July 18-19, 2012. Each data acquisition was carried out for about 8 hours. Experiments of disturbing the gravel pit were conducted. The experiments demonstrated the ability of the radar signal to detect small surface movements of the gravel pit. In Fig. 5 a photo of the pit with the indicated path of the artificially induced distortion is shown. 6 shows the deformation map obtained through GB-SAR data. GB-SAR provided a high precision displacement measurement in a potentially unstable site (e.g., a gravel pit). Moreover, using the data acquired from the GB-SAR, a DEM of the gravel pit was also generated. The resulted DEM is not shown because of the space considerations.
REAL APERTURE RADAR APPLICA-TIONS
One of the real aperture radar applications includes static and dynamic monitoring of the pedestrian skywalk located at Memorial University of Newfoundland, St. John's, NL, Canada. The pedestrian skywalk bridge is a covered bridge that connects Field House and Aquarena, two major buildings on campus. Fig.  7 shows the section of the bridge that was monitored by radar. The skywalk bridge carries major traffic of pedestrians between two buildings all year around. The monitoring of the structural health of the bridge is essential to the university because of the high volume of pedestrian traffic, especially during the winter and fall semesters. Recent maintenance and renovations due to the damage caused by Hurricane Igor in 2010, high winds over the course of the year, and seasonal temperature fluctuations also contribute to the need for monitoring. The viewing position of the radar was selected to achieve the highest possible signal-to-noise ratio (SNR), as suggested in [6] . The underside span of the bridge is made of composite-metal siding panels and the resulted SNR values were equal to or higher than 50 dB. In the static test, two loads with a variety of weights were used: Load A = 442.3 kg, with a duration of about 88 seconds and 54 seconds; Load B = 290.3 kg, with a duration of approximately 22 seconds. The time evolution of the structure during the entire data acquisition period is presented in Fig. 8. 
Dynamic Test: Pedestrian Skywalk
The dynamic test consisted of a load of 442.3 kg (975 lb) moving slowly along the pedestrian skywalk twice in both directions-left to right and right to left. The dynamic test provides an opportunity to perform the operational modal analysis by using the frequency domain decomposition (FDD) method. The test was also recorded on the video camera, and the skywalk deformations were synchronized with the video footage. Fig. 9 shows the down-vertical deformation of the selected range-bins along the skywalk as the dollies with the weights move along the bridge. Fig. 10 shows the auto-spectra of two different range-bins selected along the length of the bridge.
CONCLUSIONS AND FUTURE WORKS
The primary goal of the case studies presented here is to apply ground-based radar technology to estimate structural instabilities and ground motions, validate the capabilities of the instrument, and to evaluate the instrument in detecting displacements in various application settings. Through a series of field tests we obtained valuable displacement information using GB-SAR; validated the operational and performance characteristics of the instrument in Canada's Atlantic region. Some preliminary results of the data analysis that are presented here underline the feasibility and importance of continuing such studies.
New steps towards investigating and developing the methods for combining GB-SAR observations with spaceborne SAR observations are currently being developed for the purpose of deriving unique and improved deformation information. In particular, the research is focused on examining the advantages and disadvantages of integrating the datasets collected by the GB-SAR and spaceborne SARs, such as Cosmo-SkyMed, TerraSAR-X, and Radarsat-2. The approach of data integration from different sensors will enable the analysis of deformation phenomena and its variation over the time affecting both extended areas and localized man-made structures.
